We propose a high-voltage switch driven by wavelength-modulated light, which is suitable for remote MEMS (especially electrostatic actuators) device operation. It is fabricated on an SOI wafer and consists of series-connected n-MOSFETs whose substrates are mesa-isolated, allowing the switch to endure a high voltage. The fabrication process requires no modification in a standard CMOS process itself, which is easy for foundries to accept. In addition, by using wavelength-modulated light instead of electric circuits for the control of the switch, it achieves a simple, scalable, small switching circuit regardless of the switching voltage. Fabrication and operation of 50 V switch using 5 V standard CMOS technology is reported in this paper.
Introduction
The development of microelectromechanical systems (MEMS) technologies allows remotely working devices [1, 2, 3, 4, 5, 6, 7] . Since MEMS devices, especially electrostatic actuators, require high-voltage switching (e.g. 30 V) in the operation, high-voltage integrated control circuits are necessary to make them truly effective. However, conventional high-voltage technologies have issues such as modification in a standard CMOS process [8] or slow switching [9] .
The authors' group previously proposed a mesa-isolated CMOS fast witch on a silicon-on-insulator (SOI) wafer [10, 11] . This method isolates the substrate of each MOSFET by post-process etching, which allows the transistors to endure a high voltage without modifying a standard CMOS process itself. However, it requires multiple voltage sources (e.g. a 50 V switch requires 5; 10; . . . ; 50 V) and tedious voltage level shifters for them, which results in a complex circuit and a large area.
In this paper, we propose a high-voltage switch for remote MEMS device operation driven by wavelength-modulated light [12] , which employs the method of circuit function switching that we previously proposed [13] . By controlling the switch with light instead of electricity, we eliminate complex voltage level shifters, which achieves high-voltage switching with small number of transistors that are fabricated with a standard CMOS process. The key to the operation of this high-voltage switch is the phototransistors connected to the gate of each transistor. As shown in Fig. 1 , they are colored in red and green with lacquer to ensure the following complemental on-off operation: (1) if the switch is illuminated with red light, the transistors of the high (V pp ) side turn on and those in the low (ground) part turn off, which makes the output of the switch high, and (2) under green light, on the other hand, the low side turns on and the high side turns off, which makes the output low.
In this method, the switch employs standard n-MOSFETs, allowing low onresistance, and the mesa-isolation of the n-MOSFETs are performed in a way compatible with a standard CMOS process. In addition, it requires only small phototransistors instead of complex sub-switches for switching the n-MOSFETs, which allows the relatively small area of the switch.
Fabrication and measurements
For the demonstration of the concept, a 50 V high-voltage switch, which has 10 pairs of MOSFETs, was fabricated on a CMOS chip of 0.6 µm, 5 V technology. The drain and the source of each transistor had pads as taps so that the subsets of the switch can be also measured. The length and the width of the MOSFET were 0.6 µm and 10 µm, respectively, and the area of the phototransistor was 4 719.65 µm 2 . Fig. 2 shows one of the devices fabricated in the method explained in the authors' previous work [13] . That is, an SOI wafer delivered from the CMOS foundry was post-processed to mesa-isolate the n-MOSFETs and the phototransistors with anisotropic and isotropic plasma etching, followed by the painting of lacquer in red and green. The measurements of the fabricated device were conducted with a semiconductor parameter analyzer. The light source was a floodlight which has red and green LEDs.
First, the drain current characteristics of a single n-MOSFET block were measured (Fig. 3) . The x-axis of (a) is the current applied to the floodlight LEDs (I LED ), to which the intensity of the light is proportional. The drain current of an n-MOSFET successfully changed by alternating the color of light as long as the current flowing through LEDs was 7 mA or larger. The on-current was 4.11 mA, and the off-current (leak current) was 42.6 nA. The characteristics of the n-MOSFET's drain current (I d ) against its drain voltage (V ds ) was quite different from that of an ordinary n-MOSFET. This is because the structure of an n-MOSFET block is in a diode connection.
Next, the measurement results of the 50 V switch are shown in Fig. 4 . As shown in Fig. 4(a) , the 50 V switch worked as long as the LED current was 5 mA or larger. In this measurement, I d was 247 nA in the ON state and 29.7 nA in the OFF state. Fig. 4(b) shows the output voltage characteristics of the switch against various numbers of n-MOSFET pairs (N ). The solid line is V dd , which is the output voltage of the ideal switch in the ON state. The measured output voltages were close to V dd in the ON state and to 0 V in the OFF state, though there were gaps between the ideal output voltages and the measured output voltages. The average gaps in the ON and OFF states were (N Â 0:406) V and (N Â 0:424) V, respectively.
Discussion
The measurement in the Fig. 4 shows three things: (1) turning on and off the circuit requires minimum amount of light (I LED > 5 mA), (2) 'high-side' voltage gets its Fig. 3 . On one hand, under red light (ON state), the on-current depends on V ds and the typical value sets of ðI d ; V ds Þ are (203 nA, 0.4 V) and (4.13 mA, 5 V), respectively. The dependence of the FET oncurrent under red light is because the gate and drain are tied through the 'red' phototransistor, therefore the FET works under diode connection:
On the other hand, under green light (OFF state), the off-current stays constant, approximately around 30 nA independent of V ds . The output voltage under no load is obtained as the result of balancing between the upper circuit that 'pulls-up' the circuit towards V dd (50 V), and the lower circuit that 'pulls-down' the circuit towards GND (0 V). Accordingly, under green (OFF) light the 'pull-down' transistors were weakly polarized by 29.7 nA of off-current, that made approximately 0.4 V of voltage drop at each stage. The above-mentioned analysis is in a good accordance with voltages measurement at each transistor stage, under ON and OFF condition, as shown in the Fig. 4(b) . The fact that voltage drop is proportional to the number of transistor proves the voltage scalability of the proposed device.
The equivalent series resistance can also be calculated by single stage I-V characteristics. The equivalent output resistance for measured transistor was 1 kΩ (¼ 4 V/4 mA), and is multiplied by series number N (¼ 10), yielding 10 kΩ. Taking the typical value of MEMS electrostatic actuator into account (around 10 pF), the time constant of charging is around 100 ns, which is sufficient for typical MEMS operation.
Conclusion
We proposed a high-voltage switch driven by wavelength-modulated light and demonstrated 0-50 V switching by 20-series switch. This paper showed that using an optical control can achieve a scalable high voltage switch by a standard CMOS process. Although a diode connection structure of the switch causes a gap of at least N Â 0:4 V between the ideal and real output voltages, the switch is applicable to the operation of electrostatic actuators, which requires high-voltage switching.
